ABSTRACT
Introduction
Ultra-Luminous X-ray sources (ULX) are X-ray binaries with L x > 10 39 ergs s −1 most commonly found in star forming and starburst galaxies. These sources have attracted considerable attention in recent years because they have broad-band X-ray luminosities many times the Eddington limit for a neutron star or stellar mass black hole (Miller & Colbert 2004; Roberts 2007; Feng & Soria 2011) . Some of these extreme objects may be intermediate mass black holes (M>500M , (Colbert & Mushotzky 1999; Farrell et al. 2009; Sutton et al. 2012) . It seems likely, however that most ULX are stellar X-ray sources which are either radiating in excess of the Eddington limit and/or have black-hole masses somewhat higher than is commonly seen in black hole candidates in Milky Way binaries (M>10 , Roberts (2007) ; Gladstone at al. (2009) ; Zampieri & Roberts (2009) ). ULX are found in a wide variety of systems -spirals, interacting starbursts and dwarf galaxies. However, the conditions under which ULX form are poorly understood.
It is well established that the number of ULX in star forming galaxies scales with the star formation rate (Grimm et al. 2003; Ranalli, Comastri, & Setti 2003; Mapelli et al. 2010; Mineo et al. 2012 ). In addition, there are are several lines of evidence to suggest that ULX form preferentially in low metallicity gas. Kaaret, Schmitt, & Gorski (2011) found that the ratio of X-ray luminosity to star formation rate is an order of magnitude larger in low metallicity Blue Compact Dwarf Galaxies than for solar metallicity star forming galaxies. Swartz et al. (2008) found that the occurrence rate per unit galaxy mass is higher in dwarfs than in more massive galaxies (see also Walton et al. (2011) ). This surprising correlation is explained if ULX favor the metal poor environments found in dwarfs. Evidence that there is a direct connection between metallicity and ULX production was presented by Mapelli et al. (2010) who find an anti-correlation between the number of ULX and metallicity based on a sample of 64 galaxies. A further study by Mapelli et al. (2011) with the addition of two XMPG came to the same conclusion. Spectroscopy of ULX counterparts and surrounding gas also suggest that ULX are formed from stars in metal poor gas (e.g. Soria et al. (2005) ; Liu et al. (2007) ).
Here we investigate the hypothesis that ULX form preferentially in low metallicity galaxies by searching for ULX in a sample of Extremely Metal Poor Galaxies (XMPG) observed with the Chandra X-ray Observatory (CXO). XMPG are defined as galaxies with log(O/H) + 12 < 7.65, or less than 5% solar (Papaderos et al. 2008) . These are the most metal-deficient galaxies known, and a logical place to find ULX if they favor metal poor systems. Our goal is to compare the number of ULX (normalized to the star formation rate and accounting for cosmic background sources) in a sample of XMPG with a comparison sample of galaxies with higher metallicities taken from the Spitzer Infrared Galaxy Sample (SINGS). For a sample of galaxies we define N U LX (SF R) to be:
Here N U LX is the total number of ULX found in a sample of galaxies (e.g. the XMPG sample), N BKG the total number of expected cosmic background sources (with an apparent luminosity > 10 39 ergs s −1 ) in the same sample and SF R is the integrated star formation rate (in M per year) of the sample galaxies.
Galaxy sample
Our sample is listed in Table 1 . It consists of 25 nearby (d≤50 Mpc) extremely metal poor galaxies ((O/H) + 12 < 7.65). These are the most metal-deficient galaxies known. Most of those are Blue Compact Dwarf galaxies. Three galaxies in the sample (I Zw18, SBS 0335-052, SBS 0335-052W) were observed with Chandra in 2000 (Thuan et al. 2004 ) The remainder were observed as part of a Cycle 11 Large Project. The exposure times were set to obtain a 3.5σ detection of a point source of luminosity 7.8×10 38 ergs cm −2 s −1 ( i.e. our survey is complete down to 7.8×10 38 ergs cm −2 s −1 .) Completeness is further discussed in Section 3.1. Observational details are given in Table 2 .
X-Ray Obervations
All observations were obtained with the back-illuminated chip ACIS-S3 except for the galaxies SBS 0335-052 and SBS 0335-052W, which were observed with the front-illuminated ACIS-I3 camera. The observations were performed in VFAINT mode. We reprocessed raw data (level 1 event files) using Chandra Interactive Analysis of Observations software (CIAO), version 4.2 and the CALibration DataBase (CALDB), version 4.3.0. Standard routines were used to correct for bad pixels, charge transfer inefficiency and time dependent gain. A new Level 2 events file was created by filtering for standard grades (0, 2, 3, 4, 6) and rejecting grades associated with bad pixels.
The positions of X-ray sources were determined with the CIAO tool Wavdetect. This tool is a wavelet-based source detection algorithm (Freeman et al. 2002) . The X-ray image is convolved with a wavelet function to produce a "correlation image". Clumps of counts (sources) are identified as a local maximum in the correlation image if the scale of the wavelet is approximately equal to (or greater than) the size of the clump. Hence, Wavdetect also gives an estimate of the size of the source. It is typically run with wavelets of differing scales to better detect extended emission. Wavdetect was run on the level 2 files in the 0.3-8keV band using scales of 1.0, 2.0, 4.0, 8.0 and 16.0 pixels. We set a threshold significance for identifying a pixel as belonging to the source at 10 −6 . All the detected sources have scales consistent with their being point sources. Sources within the D 25 region (defined as the elliptical contour best corresponding to the 25 mag arcsec −2 blue isophote de Vaucouleurs et al. (1991) ) were considered to be associated with the galaxy. The results of the source detection are show in Table 3 .
Source regions were defined based on the Wavdetect source extent. We also create the corresponding background regions by setting apertures with larger radii than the sources. We perform photometry for these sources, using the dmextract tool. The results of the photometry are shown at Table 5 . The source counts per pixel follow the Poisson distribution and the count error, since the number of counts is very low, the Gehrels approximation: error = 1 + (N + 0.75) (Gehrels 1986 ). The flux of an X-ray source is proportional to the net count rate, where the constant of proportionality depends on the response of the detector and the assumed source spectrum:
We extracted standard spectral responses (the Redistribution Matrix (RMF) and Area Response Matrix) and simulated a spectrum for each source. Using the results of Swartz et al. (2004) , we adopt an intrinsic source spectrum with photon index Γ=1.7 and assume values for galactic absorption taken from Dickey & Lockman (1990) . We then estimate the constant A from the ratio of the number of counts to the calculated flux in the simulated spectrum. Fluxes and luminosities were constructed in the 0.3-8 keV band, using the constant A derived from the simulated spectra. They are shown in Table 5 . One source, IZw18, had enough counts to perform a spectral fit. The best fit is consistent with the analysis of Thuan et al. (2004) and is shown in Table 4 . The fluxes and luminosities of the other sources are shown in Table 5 
Completeness and Background Sources
In this section we demonstrate that our sample of ULX in the metal-poor galaxies is complete: i.e. that we are not "missing" ULX due to inadequate exposure. In addition, we estimate the number of ULX which are chance coincidences: background AGN that happen to align with the optical galaxy.
The completeness limit is expressed by the source detection probability of a galaxy . It is a function of the source and background intensity, measured in counts. The detection probability as a function of source counts and background counts/pixel can be parameterized by the following function (Zezas et al. 2007) :
where C is the source intensity in counts, λ 0 , λ 1 , λ 2 parameters that depend on the background counts per pixel.
All galaxies of our sample were measured to have background level below 0.025 counts per pixel. The best-fit parameters for this background give a detection probability of the form:
Therefore, by solving the equation for 90% and 50% completeness, the corresponding source counts are: C 90 = 7.2 counts and C 50 = 4.4 counts. Table 6 shows that all luminosities of 90% completeness and all luminosities 50% completeness, are well under the limit of 10 39 ergs s−1 cm 2 . This means that we have detected at least 90% of all existing ULX sources in the galaxy sample.
The predicted number of background sources for each galaxy was estimated as follows. For each galaxy, we calculate the 0.3-8 keV flux for a source of 10 39 ergs s −1 and then transform the flux to the 0.5-2 keV band assuming a power law source spectrum with photon index Γ=1.7 and a foreground N H listed in Table 1 . We then used the LogN-LogS curves of Giacconi et al. (2001) for the 0.5-2 KeV band to estimate the number of background sources per square degree and normalize by the D 25 values to get the absolute number of background sources predicted to lie within the optical area of the galaxy. These values are given in Table 6 . We note that SBS 0940+544 has a predicted background value close to one. 
Estimates of the Star Formation Rate in the XMPG Sample
It is well established that the number of ULX in a galaxy scales with the star formation rate (Grimm et al. 2003; Ranalli, Comastri, & Setti 2003; Mapelli et al. 2010; Mineo et al. 2012) . We therefore need reliable estimates of the star formation rate in the XMPG sample in order to determine whether N U LX (SF R) is higher in the metal poor sample than in the SINGS sample. We use two methods to estimate the star formation rate: the Far Ultraviolet (FUV) luminosity from GALEX and the 24µm luminosity from Spitzer.
GALEX Data
The FUV emission from star forming regions comes directly from young massive O and B stars. We use the method from Hunter et al. (2010) to relate the FUV luminosity to the star formation rate in dwarf galaxies:
We obtained GALEX FUV images from the GalexView version 1.4.6 catalog. All galaxies in the XMPG sample were detected with the exception of SDSS J223036.79-000636.9. This galaxy is excluded from the rest of the analysis in this paper. Source counts were extracted using the CIAO dmextract routine. This was done with either circular or elliptical source apertures, depending on the morphology of the galaxy in question, as well as an annular background aperture. Both of these apertures were centered on the source, with the circular apertures having a radius of either 10 or 15 pixels, and the ellipses having a semi-major and semi-minor axis of length 28 and 14 pixels or 15 and 7.5 pixels, respectively, depending on the size of the source. All background annuli had an area 8 times that of their respective source apertures. The fluxes were computed using the relationship f FUV = (1.4 × 10 −15 ) × count rate 1 . Note that these fluxes are in units of erg cm −2 s −1Å−1 . We converted these values to units of erg cm −2 s −1 Hz −1 by multiplying them by λ 2 /c, where λ is the effective wavelength of the FUV detector (= 1528Å), and c is the speed of light in units of A s −1 . With the fluxes in these new units, we proceeded to calculate the L FUV values of the sources, which were subsequently corrected for extinction. We then calculated the SFR FUV estimates of the galaxies using the extinction-corrected luminosities. (1) Reddening magnitude of the source, used to calculate source extinction;
Observed background-subtracted source count rate; (3) Extinction-corrected far-UV luminosity of the source; (4) Star-formation rate, calculated using the formula from Hunter et al. (2010) .
Spitzer Data
The 24µm emission in galaxies comes from single photon transient heating of small grains and can be used as a tracer of recent star formation. Calzetti et al. (2007) derived the following relation between the star formation rate (SFR) and 24µm emission from calibrating H II regions in nearby galaxies:
where for intermediate luminosity galaxies:
We acquired data from the Spitzer space telescope that were obtained with the MIPS instrument in the 24 microns band. We obtained the post-BCD (post Basic Calibrated Data) data for the 9 galaxies in the sample that have available MIPS 24µm data. The data sets consist of several exposures that are interpolated into one mosaic image. From these images we measure the surface brightness in units of MJy/sr. The post-BCD product mosaic pixel sizes are 2.42×2.45 arcsec 2 for the 24 microns detector.
We perform aperture photometry using funtools. We define an aperture for the source with an ellipse that includes the total flux of the source and an elliptical annulus for the background region as depicted in Figures 15 -16 for the 9 galaxies. In order to calculate the total flux density of each source, we sum the total flux of the source, subtract the background, on a set of pixels and multiply by the number of steradian per pixel. We convert the surface brightness to the flux density with the following formula:
The flux density is converted to monochromatic flux:
The uncertainty on the flux is calculated from the mosaic variance image by adding in quadrature the uncertainty of all pixels within the source aperture. The results are listed at Table 8 .
Comparison of Spitzer and GALEX star formation rates
Several galaxies in the XMPG sample have both GALEX UV images and Spitzer 24 µm data. It is therefore instructive to compare SFR derived from the two methods. Figure 1 shows the star formation rate derived from the FUV flux with the star formation rate derived from the 24µm flux. There is a clear correlation between the two methods. The rate derived from the FUV flux is systematically higher than for the 24µm flux. This is almost certainly because 24µm emission underestimates the star formation rate because of the very low dust content of the XMPG. We adopt the GALEX derived star formation rate because (1) the Spitzer 24 µm data likely underestimates the star formation rate, and (2) it is available for all the galaxies. We note that SBS 0335-052 appears to have very high SFR in comparison with the other XMPGs.
The SINGS sample.
In order to determine whether there is a statistically significant excess of ULX in the most metal poor systems, we require a comparison sample of galaxies with well determined star formation rates and metallicities. The Spitzer Infrared Nearby Galaxies Survey (Kennicutt et al. 2003 ) is ideal for this purpose. It is a comprehensive imaging and spectroscopic study of 75 nearby galaxies with distances < 30 Mpc. The morphological types of the sample range from elliptical to irregular. The SINGS sample does not include absolute extremes in properties that can be found in larger volumes such as ULIRGs, luminous AGNs or extremely metal poor galaxies. A distance-limited sample of the SINGS survey has been observed by Chandra (Jenkins et al in preparation). We use a sub-sample of SINGS galaxies selected by Calzetti et al. (2007) which have Hubble Space Telescope (HST) NICMOS images in the Paα hydrogen emission line (1.8756 µm), Hα observations and Chandra observations. The Hα and the Paα lines are used to measure the extinction correction. Furthermore, the Paα line is used to calibrate the mid-infrared emission. There are 33 galaxies in the Calzetti et al. (2007) sample, 26 of which also form part of the Chandra survey. The galaxies are divided into three groups according to their oxygen abundance: High-metallicity galaxies [12+log(O/H) ≥ 8.35], Intermediate-metallicity galaxies [8.00 < 12+log(O/H) ≤ 8.35], and Low-metallicity galaxies [12+log(O/H) ≤ 8.00]. For reference, the XMPGs have metallicities 12+log(O/H) ≤ 7.65. We list the main characteristics of the SINGS sample in Table 9 .
The metallicities given in Table 9 are given as an upper and lower bound and taken from Moustakas et al. (2010) . The lower bound is the metallicity derived using the calibration of Pilyugin & Thuan (2005) (hereafter PT05) and the upper bound using the calibration of Kobulnicky & Kewley (2004) PT05 calibration is based on empirical abundance measurements of individual HII regions and the KK04 calibration on photoionization model calculations. The KK04 calibration gives abundances that are systematically higher than PT05. In this paper we choose the PT05 calibration since this method was used to derive the XMPG abundances. The results of this paper are unchanged if we use KK04 or an average of the two.
We estimate the star formation rate of the SINGS galaxies using the calibration of Calzetti et al. (2010) :
Note that the L(Hα) obs is the observed Hα luminosity without correction for internal dust attenuation.
We use the measurements of the Hα and 24µm fluxes of Dale et al. (2007) ) and Kennicutt et al. (2008 ) & Kennicutt et al. (2009 . The numbers of ULX for the SINGS sample have been provided by Chandra SINGS team (Jenkins et al in preparation).
Comparison between the SINGS and XMPGs samples
In this section, we investigate the relationship between metallicity and N U LX (SF R). Table 10 compares N U LX (SF R) for the XMPG sample and the SINGS sample. The SINGS sample is divided into 3 sub-groups according to metallicity values (High, Intermediate and Low metallicity). In addition, we show N U LX (SF R) obtained by combining the SINGS low metallicity sample and the XMPG sample. The difference in N U LX (SF R) between the high metallicity SINGS galaxies and the low metallicity galaxies (comprising the XMPG and low metallicity SINGS galaxies) is 2.3σ. The low metallicity sample has a small number of individual galaxies with very high N U LX /SFR values (these have low SFR and one ULX). A Kolmogorov-Smirnov (K-S) test gives the probability that the two distributions (low metallicity and SINGS) come from the same parent population as 0.18. Finally, Figure 2 shows N U LX (SF R) as a function of metallicity. The high metallicity SINGS galaxies are plotted as individual points, and the XMPG and SINGS low metallictiy galaxies are combined. We note that for galaxies with no ULX, the background-subtracted number of ULX is negative, which is unphysical. There is a marked increase in N U LX (SF R) in the low metallicity galaxies. We conclude that ULX form preferentially in low metal systems, with the caveat that the formal significance of this result is low.
We do not find any any evidence for a trend in N U LX (SF R) with metallcity 12+log(O/H)>8.0.
Fitting the data points in Figure 2 above 12+log(O/H)=8.0 with both a flat line (slope 0) and a straight line with non-zero slope we find that the more complex model (non-zero slope) is slightly preferred on the basis of a χ 2 fit. We use an F-test to determine whether the model with a slope is significantly better than the flat line (the null hypothesis is that a slope does not give a statistically better fit). The F-test gives a significance of 0.35, confirming that a slope is not required. Mapelli et al. (2010) use a larger sample of galaxies and find an anti-correlation between N U LX (SF R) and metallicity (their Figure 5 is directly comparable to Figure 2 of this paper). As discussed in the previous paragraph, there may be a similar trend in the SINGS galaxies but the effect is small below 12+log(O/H)=8.0 and the scatter is large. We cannot unambiguously confirm this result. The preference for ULX to form at the low metallicities is most apparent in the lowest metallicity bin.
Summary and Discussion
In this paper, we present the results of a Chandra survey to search for ULX in the most metal poor galaxies. We find that, compared to a comparison sample of high metallicity SINGS galaxies, the low metallicity galaxies are more likely to host a ULX. The number of ULX normalized to the star formation rate is ∼ 0.17 for the high metallicity galaxies and 7.0 for the low metallicity systems (12+log(O/H)<8.0). The formal significance of this result is low. This study broadly agrees with the results of Mapelli et al. (2011) who also find that the number of ULX increases in lower metallicity galaxies. Mapelli et al. (2011) also claim to see a trend in the numbers of ULX as a function of metallicity. As demonstrated in Figure 2 , we do not see strong evidence that N U LX (SF R) decreases as a function of metallicity above ∼ 8.0. This result suggests there maybe a "threshold" for more efficient ULX formation at about 12+log(O/H)<8.
In a recent paper, we (Prestwich et al. 2012) compared the ULX population of two collisional ring galaxies, the Cartwheel and NGC 922. The Cartwheel has a relatively low metallicity (12+log(O/H)∼8.1) and NGC 922 has a metallicity close to solar (12+log(O/H)∼8.81. We found that the number of ULXs in NGC 922 and the Cartwheel scales with the star formation rate: we do not find any evidence for an excess of sources in the Cartwheel relative to NGC 922. The N U LX (SF R) values for NGC 922 and the Cartwheel are the same (within the errors) as the SINGS galaxies. This is demonstrated in Figure 3 where we plot N U LX (SF R) vs. metallicity for the SINGS galaxies, the Cartwheel and NGC 922. The KK04 calibration is used for this plot as it is more appropriate for the Cartwheel and NGC 922 measurements. very high star formation rate, and not a metallicity effect.
There are two hypotheses which might explain the excess of ULX in metal-poor galaxies. Linden et al. (2010) studied the effect of metallicity on HMXB production and found that the number of ULX in low metal systems increased dramatically below a threshold of Z/Z <10%. The high X-ray luminosities derive from Roche Lobe Overflow onto a black hole, which typically has a mass M≤ 10M . The threshold predicted by Linden et al. (2010) is consistent with the increase in N U LX (SF R) we see in galaxies with 12+log(O/H)<8. An alternate hypothesis is that higher mass black holes are able to form in lower metallicity gas (Mapelli et al. 2009; Zampieri & Roberts 2009 ) leading to higher X-ray luminosities in HMXB. Our results are consistent with both of these scenarios.
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